Focused laser irradiation can easily drive materials to extreme temperatures with very high precision and control. In combination with infrared imaging and material characterization techniques, the resulting thermal load can be assessed to derive meaningful thermophysical properties avoiding interferences that would normally occur with direct contact measurements of temperature. In this focused article we first address technical challenges with the experimental implementation involved in obtaining laser-induced temperature field data from infrared imaging. We then discuss suitable heat transport models for analysis of thermal data and, finally, describe specific examples of thermophysical material parameters derived from combined infrared imaging and laser heating. The aim is to illustrate general principles of this combined laser-based heating and IR thermal imaging approach that are useful for experimentation under extreme conditions, which often remain out of reach of conventional methods.
INTRODUCTION
Laser-matter interactions at surfaces are relevant to a broad array of industrial and research areas, including material processing and analytical chemistry. In industrial settings, laserbased machining and texturing, 1 laser annealing, 2 and laserbased cleaning 3 are routine. Many analytical techniques rely on laser-driven energy deposition for sampling, such as laser ablation-inductively coupled plasma-mass spectroscopy, [4] [5] [6] or use lasers for interrogating the surface directly (e.g., secondharmonic generation 7 ) while carefully avoiding heating. Finally, micro-fabrication by laser assisted material deposition relies on lasers heating to induce localized precursor polymerization on a substrate. A great feature of lasers that make them such ubiquitous processing and probing tools is that the volume of analysis or treatment is generally confined to the footprint of the laser beam size with a resolution on the order of the diffraction limit of the laser wavelength (λ L ), although near-field focusing with particle arrays has been demonstrated. 8 Nevertheless, the size of the heat affected zone extends beyond the beam absorption depth δ = α −1 at λ L (α is the absorption coefficient in μm −1 ) depending on the thermal diffusion length ∼ √ t exp D, where t exp is the laser exposure time, and D is the bulk thermal diffusion. For short exposure times, low thermal diffusivity, and optically thick (small δ) materials, the heat affected zone is mostly confined to a surface area scaled by the laser irradiance profile. Therefore, the area processed by a laser beam under these conditions is generally more deterministic and localized compared to other heating techniques such as flame, resistive, induction, or electrical arc heating.
Lasers can also impart large amounts of energy at virtually limitless rates which translate into very high heating rates (10 3 -10 10 K/s) within an effective absorption depth by either direct phonon coupling or by a two-step process using ultra-short pulses. [9] [10] [11] The latter occurs first as the radiation field interacts with the electrons on the time scales ≈ femtosecond, 10 followed by thermalization when the laser pulse width is on the order of the electron-phonon interaction time (≈ 10's of ps). By using very short pulses, <10 ps, material is removed faster than heat can be transferred to the bulk and little collateral damage will occur even if the temperature (T) in the plume of the ablated material is elevated >1eV. 12 This nearly "athermal" approach limits residual stress, melted zone depth and flow, and any process where structural relaxation is thermally activated. 11 In contrast, longer pulses will heat the surface and a larger portion of the bulk within a heat affected zone, reaching T far greater than by most other conventional heating methods. For routine, technologically relevant applications these T extend up to ≈5000 K, near the boiling point of the toughest materials used for flight and nuclear applications for example. Hence lasers are favored in applications involving hard to machine parts (i.e., ceramics, diamond, SiC, etc.), doing so with virtually no wear. In particular, laser parameters can improve process control because they can be very finely tuned to a particular target process. 13, 14 In this way, deterministic heating becomes a simple matter of adjusting laser parameters such as wavelength, beam size, exposure time, power, temporal and spatial shape, and pulse repetition frequency. The availability of high power lasers enables experimentations above the current ≈ 2000 • C limit set by the typical containment vessel inertness. 15 For conductor materials, fast dynamic methods with resistive self-heating are usually employed to get around this problem but this approach limits the range of materials that can be interrogated. 16 With focused beam application, however, the sample being tested essentially acts as its own containment vessel, avoiding any wall contaminants, and virtually without affecting the surroundings because only a small part of the material is being treated.
Still, an understanding of any of the phenomena resulting from laser irradiation almost certainly requires a measurement of the T evolution for at least two reasons. First, most material properties and thermo-mechanical response are T dependent, second, most phenomena such as pyrolytic reactions, sintering, phase transitions, material flow, structural relaxation, are thermally activated. In other words, T is the main driving force for many important laser-induced material transformations. Even modeling such processes requires knowledge of the T field and history, but such information is difficult to derive a priori from the complete conservation equations because of the large number of potential heat dissipative processes that limit the T. [17] [18] [19] [20] A simple example of laser machining above the evaporation or ablation threshold illustrates this point. Following energy deposition from laser absorption, heat transport and energy coupling can involve-simultaneously-thermal conduction to the substrate, radiation transport, evaporation, mass transport dynamics, heat convection to the surroundings and, at very high T, plasma generation near the irradiated surface, which can dynamically deflect the laser power from the absorbing surface. The changing shape of the surface will also determine the laser coupling since reflectivity is generally a steep function of incidence angle. Thus, any quantitative modeling effort needs to account for these complex and highly coupled processes. In reality, such modeling is nearly impossible because the thermophysical properties on which they depend are unknown, especially at T above where furnaces can be used for experimentation. The approach to address this issue becomes that of determining individually each of the processes by a combination of experimentation and modeling in the T regime where, for example, radiation transport can be neglected, 21 or where evaporative losses are much smaller than thermal conduction. 17 Still, such methods need reliable T measurements to validate the model and to properly account for the experimental observations.
Typical laser applications use a focused beam on micrometer length scales with radial T gradients on the order of 10 2 -10 4 Kmm −1 causing large hydrodynamic flow. Thus, T measurements involving a probe contact with a surface are not ideal because they have the potential to both interfere with the laser irradiation of the surface, and act as a heat sink distorting the T field. Suitable contact of the probe with the surface to be measured is also highly problematic and limits the temporal resolution of the measurement (>10 ms) and to T smaller than about 2500 K (for W/W Re alloy thermocouples). In contrast, a radiometric method for surface T determination is ideal for four reasons: (1) it is non invasive and non obstructive as it instantaneously looks at emitted radiation; (2) it can produce high temporal resolution T data depending on the detector bandwidth;
(3) it can, in principle, achieve single photon level sensitivity, with a dynamic range as broad as the data acquisition, optical setup, and detector will allow; 22, 23 and (4) as noted earlier, radiometry can have micron scale resolution depending on the optical and detector configuration. Most other direct-contact T measurements fail in one way or the other in such regards, 15, 24 while other types of non contact optical techniques, such as Raman scattering, are usually restricted by background thermal emissions, slower capture rates from signal averaging, and increased system complexity from the added pump laser. 25, 26 Therefore, the intersection of laser processing and thermal infrared (IR) surface imaging offers an ideal experimental system that is particularly well suited for probing rapid laser-induced phenomena, on the micron length scales, and under extreme conditions where most vessels used for experimentation would fail, or where rapid and controlled heating would be difficult. This approach is not without technical and analytical challenges, which will be addressed in this focused review. Particularly, the non isothermal conditions inherent to laser point source heating can make interpretation of results difficult, but not impossible with the appropriate models. In situations where the T dependence of the processes scrutinized is very strong or where the appropriate thermal model of the laser heating is used, consideration of the peak T alone is sufficient for analysis. Therefore, it is the intention of this article to illustrate how IR surface imaging in combination with laser coupling can be effectively used to derive thermophysical material properties under extreme conditions otherwise not attainable. 27, 28 In general, this insight has not been recognized in the literature. We describe here an approach for analysis of laser-heated surfaces with an emphasis on infrared imaging as a tool to obtain T measurements that can be used to derive meaningful thermophysical properties. To illustrate the approach, this article focuses mostly on a few examples and experimental model systems from the literature dealing with fused silica, an important optical material whose inertness and high working point makes it especially difficult to process thermally. In those examples we describe how thermal IR imaging was applied to derive thermophysical properties. However, the experimental and analytical principles described here should remain broadly applicable to a large number of research areas in the fields of material science, where thermal processes are important, and where extreme T limit use of conventional experimental methods.
AN OPTIMIZATION OF IR THERMOGRAPHY FOR TEMPERATURE MEASUREMENTS OF LASER-HEATED SURFACES
Although a range of optical measurement systems can be used to determine surface T, 24 we only address here IR thermography based on IR focal plane array (FPA) detectors. Because of the high emissivity of most materials in the IR, IR camera systems can more easily be implemented to derive spatially and temporally resolved T measurements. In addition, recent advances in large multispectral IR FPA's (≈ 10 6 pixel arrays) promise to deliver even greater measurement integration and capability. 29 Some of the attractive features of these new systems are that the material emissivity may not be required (see a review on multi-color pyrometry 24 ), the optical collection system can be made much simpler, and capture rates can be much higher than those based on spectrometric measurements. Here we describe a near-monochromatic IR detection system. However, since IR-based techniques rely on the same principles of thermal emission radiometry, the same consideration presented here should apply to other implementations of thermal IR imaging. Figure 1 below shows a simple laser heating-optical configuration to derive spatially and temporally resolved T measurements in situ.
Description of an Optical Setup for Combined in situ IR Measurements and Laser Heating
There are three main features to this setup. First, there is a Mercury Telluride Cadmium (HgCdTe or MCT) camera capable of detection from the near IR (NIR) up to long wave IR (LWIR) ∼2-12 μm with a 256 × 256 element focal plane array (maximum of 33 fps). The analog output of the FPA is converted into a 14-bit digital output from the camera for digital processing. A cold narrow-bandpass filter is used inside the LN-cooled camera to remove any ambient radiation sources, laser light reflection, and to dial the probe wavelength, λ p , to the particular material absorption peak as discussed below. Keeping the filter cold reduces significantly the ambient thermal noise which has peak emissions around 10 μm at room T. Second, the CO 2 laser beam shown can be relayed, expanded, and focused on the surface with the lenses indicated without any interference FIG. 1. IR optical camera and laser setup for in situ surface temperature measurements and sample heating. Cf1, Cf2, f1, and f2 are ZnSe lenses; a beam expander telescope with variable magnification; NBP is the narrow-bandpass cold filter residing inside the LN cooled HgCdTe (MCT) camera centered at 8.9 μm and placed immediately in front of the camera detector.
in the laser beam path thanks to a ZnSe wedge that allows the polarized beam to pass, while also steering the IR thermal emissions from the surface to the camera FPA. The wedge is oriented at Brewster's angle (67.4 • ) to pass the p-polarized 10.6 μm laser light while reflecting 50% of the 'S' polarized fraction of the blackbody emission collected from the heated surface by the final focusing lens (f1) and imaged on the FPA by another lens (f2). A significant advantage of using a wedge in this fashion is that it allows viewing of the sample at near-normal incidence since the emissivity of a surface is angle dependent 30 and many emissivity measurements are reported for normal incidence only (but generally remain constant to about 30 • half angle). In addition, the same optical system that is used to focus the laser on the surface is also used to collect the thermal emission steered with the wedge. This greatly lowers the system complexity and assures good spatial registration between the heated and measured areas. A third part of the setup includes the acousto-optic (AO) modulator used to modulate the power delivered to the sample, and to enable time-dependent studies when probe measurements are synchronized to the IR thermal camera. The integrated IR camera-laser setup shown in Figure 1 represents the basis for an experimental model system applied to the study of materials thermophysical properties at high T. Additional characterization and diagnostics of the surface or plume can be included with a probe beam parallel to the sample surface, or at an angle (not shown). A beam diagnostic-leg can also be included to monitor the laser power, or for closed-loop feedback control of the laser power. Finally, in studies involving assist or reactive gas application discussed later, a nozzle with a transparent back-window can be included in the laser beam path within the space in front of the sample as described elsewhere in details. 31 An example of a thermal IR image from a CO 2 laser-heated silica surface is shown in Figure 2A , while the corresponding surface T profile is shown in Figure 2B using the setup in Figure 1 . Below, we describe the experimental procedure and analytical tool used to produce these IR-based T measurements. 
Selecting the Probe IR Wavelengths
When measuring outer surface T of laser-heated samples, a critical issue is selecting an "optimal" probe wavelength, λ p . The relevant wavelengths are all in the IR bands shown in Figure 3A , where most of the thermal emission peaks are located, except for the most extreme T > 5000 K, where the peaks are shifted down to the visible wavelengths and beyond. A range of commercial FPA detectors are available to probe from 2-20 μm, including InSb, HgCdTe, PtSi, InGaAs, and GaAs/AlGaAs quantum wells photodetectors (see a review by Rogalski of recent IR detectors 32 ). Thus, the entire IR spectrum can in principle be probed depending on the sample thermo-optical properties, T expected, and constraints from the experimental configuration.
Although the relative error of the measured T generally scales with λ p , the optimal probe wavelength should ideally: (i) be within the range of wavelengths were the T dependent emissivity, ε(T), of the surface is known and well defined; (ii) be close to the peak sensitivity of the FPA; (iii) be in the range that excludes both laser light reflected from the surface and ambient radiation ( Figure 3A) ; and (iv) most importantly, probe at a wavelength closest to the heated material peak absorptivity (a) or, equivalently by Kirchhoff's law (ε = a), closest to its peak ε(T) (ex. vertical black line in Figure 3B ). Likewise, δ(λ L ,T) and reflectivity, determine the laser-material coupling efficiency, the peak steady state T, and the depth of the heat affected zone. 17 For fused silica the real refractive index, n, and reflectivity remains nearly constant with T in the IR 33, 34 unlike κ and δ. In Figure 3C , the linear dependence of the absorption coefficient, 1/δ(λ L ,T) with T can be represented across a range of wavelengths by an empirical power law as determined from reported data. 17, [35] [36] [37] This T dependence of δ(λ L ,T) over a few hundred degrees can thus strongly affect the heating dynamics of a laser-heated surface.
The accuracy of the IR-derived T measurements depends critically on the IR camera imaging wavelength, λ p , for the following reasons. First, the emissivity at a particular wavelength may change significantly depending on the T and state of the surface (chemistry, roughness, shape, etc.), although this issue may be addressed by in situ measurements of the emissivity. 38 Second, effectively the IR detector will only be exposed to the thermal radiation emanating from a surface layer ≈ 3.5×δ(λ p ,T) thick, representing the source for ≈99% of all the thermal radiation emitted by the sample 30 since the thermal radiation, L λ , is absorbed as it propagates within the bulk ( Figure 4A ). Within this depth of 3.5 × δ the T field varies by an amount T, thus the probe wavelength should be selected such that T is minimized and interpretation of the outer layer surface T is unambiguous. This is the case for fused silica at λ p = 8.9 μm where T < 5K but not necessarily for other materials where T can be as large as 150 K ( Figure 4B ). In those non isothermal cases an integrated bulk T will be derived from IR imaging, which represents an apparent T that is lower than the peak outer surface T. However, this lower apparent T will tend to be more heavily weighted toward the highest outer surface T because of the exponential 52 The absorption coefficient is the inverse of the absorption depth ∼ 1/δ. (C) Temperature dependence of fused silica absorption coefficient extracted from extinction coefficient data, κ(T), measured at discrete wavelengths in the references indicated. The absorption coefficient, 1/δ, at a particular λ is related to the κ by, 1/δ = 4πκ/λ. The linear temperature dependence of the absorption coefficient data in (C) appears to follow an empirical power law relation as indicated by the least square fit (dashed curve). The vertical black band in each of the plots in (A), (B), (C) represents a probe wavelength, λ p , used with an IR imaging system in Figure 1 . The grey band represents the laser wavelength, λ L , used for the efficient (small δ) heating of fused silica in Figure 1 .
dependence of the emission flux ( Figure 3A ). If a form for the axial T(z,t) distribution is assumed, then a correction based on a Planck weighted emission flux can be applied to the calibration of the IR camera (Section 2.3) to yield a more accurate outer , with input intensity, I, at the laser wavelength, λ L . Bulk thermal radiation, L λ , from laser heating propagates toward the surface while being absorbed along the path, s, at a rate determined by the magnitude of δ, ∼L λ /δds. About 99% of the total radiation emitted from the surface by the laser-heated material comes from a depth of about 3.5 × δ(λ p ). (B) This probing depth of 3.5×δ(λ p ) is depicted by the arrow and depends on the probe wavelength and T ( Figure 3C ). Curves of the calculated steady state axial T gradient, T, are indicated for selected materials. At steady state, the calculated peak temperature and the axial T profile depend on δ, the fraction of reflected laser light, laser power, beam size, and the thermal conductivity of the solid. surface T. Furthermore, the effect of the non-uniform axial T field will be mitigated in most cases as the sample heats up and the material becomes less transparent with T ( Figure 3C ), as is the case for fused silica where, for example, at λ = 10.6 μm, δ(T = 300 K) ≈ 40 μm and δ(T > 1000 K) < 4 μm.
Calibration of IR Camera
The first step in obtaining T measurements from IR images is to calibrate the optical system and the camera FPA response after insuring that both the electronics and the camera have reached a steady state T, typically 1-2 h after turn ON and filling-in of the camera dewer in LN cooled systems. Detector sensitivity is generally optimized at ≈77 K and increases when lowering T. 39 Multiple blackbody calibration sources can provide known thermal fluxes with nearly blackbody emission spectra ( Figure 3A ) or for the wavelengths of interest 40 (e.g., extended surface, cavity source, blackbody paint, tungsten strip lamps). Based on the set T, the known thermal flux can be used to calibrate the IR collection system, which includes the entire optical path (Figure 1 ). Blackbody emissions are scaled by the blackbody source emissivity, ε BB ≈1, and Planck's equation, L λ , integrated around the center bandpass filter wavelength, λ p ± λ:
which gives the linear detector response, S FPA , to the spectrally integrated thermal radiant flux (W m −2 sr −1 ). S FPA is calibrated through the first and second radiation constants C 1 and C 2 to accounts for the overall transmission of the optical system and the detector sensitivity. From Eq. (1) it is apparent that the in-band thermal flux increases exponentially with T as ∼C 1 λ −5 exp(-C 2 /λT), making lower T measurements more difficult depending on the noise of the system. An example of a calibration fitted with Eq. (1) above is shown in Figure 5A along with the T dependent fused silica emissivity, ε(λ, T), derived from emissivity data available in the literature ( Figure 5B ). 41 In the spectral range indicated on Fig. 5 (B) fused silica is effectively opaque allowing use of those emissivities values directly in Eq. (1). In the spectral range less than about 5 μm, fused silica is semitransparent and an emissivity cannot be defined for non isothermal heating, hence the importance of selecting the proper imaging IR wavelength as discussed in Section 2.2. Taken together, the information in Figure 5 is sufficient to relate the measured counts from each pixel in the FPA to the corresponding local T of the hot surface by numerically inverting Eq. (1) for T with ε BB replaced by ε(λ, T). The results are illustrated in Figure 2 , where the raw measured count data (Figure 2A ) and the T converted profile are shown ( Figure 2B ). In the process of calibrating the IR measurement, the orientation and location of the blackbody with respect to the viewing axis of the imaging system must be carefully adjusted. A practical viewing object, such as a metallic TEM grid, can be fixed to the blackbody aperture for focusing to insure the correct location of the IR imaging plane registered to that of the exposed surface sample, and the correct orientation of the surface. In addition, typically, a two point linear normalization of the FPA pixels is performed using a "hot" (high flux) and "cold" (low flux) scene to correct for any non uniformity stemming from pixel-to-pixel variation in sensitivity, offsets, and to detect defective pixels. Because of this step, it is important to orient the blackbody correctly otherwise the apparent image of a uniform scene will appear tilted when the correction is applied. 41 In the spectral range shown from 8-10 μm fused silica is opaque (see Figure 3B ).
Ideally, the calibration should span the range of experimental thermal radiation fluxes expected to insure detector linearity with flux (Eq. (1)). Under extreme T above about 1500 K this can be a problem because blackbody sources are bulky and cannot easily be set on an optical table for manipulation. Alternatives such as lamps, which are only calibrated at a few wavelengths not necessarily of interest, are limited in their viewing area. For example, conventional tungsten strip lamps have target sizes of 1.5 or 3 mm and are mostly calibrated in the optical range. The target size problem cannot be avoided because of the implausibly high currents that would be required to heat larger strips to reach radiation T near 3000 K. Another possibility is to use a gold coated integrating sphere to simulate radiance T in the wavelength band required, although such possibility has yet to be attempted. Fixed-point T are useful then to check when extrapolating beyond the calibration range as discussed below.
Limitation of the IR Imaging Resolution and
Deconvolution There are two main sources of T error inherent to T derived from IR imaging. First, the sampling depth of the thermal emission discussed in Section 2.2, which can be mitigated by selecting a λ p where the material is opaque. Second, the limited optical resolution of the imaging system, which is primarily determined by the wavelength and numerical aperture, ultimately reduces the T measurement spatial resolution. This latter source of T smearing is particularly important to consider when T varies strongly on the micrometer length scales, as is the case for a tightly focused beam. To address this problem, the point spread function (PSF) of the optical imaging system can be evaluated, allowing a deconvolution algorithm to be applied in order to re-trieve the original image from the convoluted one. For example, if the laser beam profile is known, and the material properties are well described at some convenient T, one can start with a convolved signal-PSF "guess," g, where the signal is based on the calculated T and the corresponding emission profile. The laser beam profile could then be adjusted to match the convoluted signal. Alternatively, one can use the Weiner algorithm, which is conveniently included in many image or data analysis software packages (e.g., Mathematica©). Using this method, the deconvolved signalf , can be approximated from the measured signal of the convolved PSD and signal, f , by applying a so-called Weiner filter, h, wherê
and h is constructed in frequency space using the PSD and an estimate of the measured signal-to-noise ratio. For experimental determination of the PSD function, we measured the radiant flux from a 400 μm diameter pinhole placed on top of a fused silica substrate heated with a CO 2 laser. The measured radiant flux profile was fitted to a Gaussian PSF convolved with a 400 μm step function ( Figure 6 ). From a best fit we find that the Gaussian PSF has a 1/e 2 half width of 200 μm (equivalent to HWHM width of 118 μm). In Figure 6 
Data Processing
The data processing needed for analysis of IR-based images and derivation of T is not unusual and can be routinely FIG. 6. Example of deconvolving a measured thermal image produced by CO 2 laser heating with a 400 mm 1/e 2 laser beam with an incident power of 1.95 W. Along with the aforementioned smearing of the diffraction limited signal, the peak axial temperature is also significantly affected. Specifically, without deconvolving the signal, an underestimate of the temperature by ≈ 200 K might have been made. Furthermore, the deconvolved signal agrees well with the predicted profile using finite element modeling of laser-heated silica. 76 handled through commercial packages such Mathematica© or Matlab©. Typically, the first few IR frames are captured before laser exposure and used as reference frames to subtract all subsequent frames. Data handling of outliers (drop outs, etc.) can be done, for e.g., by thresholding and converting the outliers or bad pixels into NaN data type, then applying a soft median filtering to remove the noise if necessary. Over extended use of the camera (≈ hours), a drift in the baseline noise of the detector system can occur. If the viewing area is large enough that some areas are not affected by the heat significantly, then a portion of those cold areas can be used to subtract the drift from each pixel count. Batch processing of the data becomes much easier to handle without noise to determine peak counts and T associated with each frame. For the purpose of inverting the camera counts to T, the calibrated Eq. (1) with ε(λ,T) can be used to obtain the T for each pixel in the IR image array. For data acquisition systems with smaller bit depths, the dynamic range might be limited. Therefore, care must be taken to set the camera integration time so as to avoid saturation or to insure that low level signals are captured. The linearity of the measured counts against integration time must be determined with a blackbody source for instance, so that the proper correction factor can be applied to the calibration curve. 42 
A Validation of the IR-based Temperature
Measurements Finally, the calibrated system should be validated using known standards or fixed-points. Material phase transitions are easily discernible and well characterized and, when applicable, should be used to test the IR imagining system representation of T and the system accuracy. In the example below a thermal lacquer paint (OMEGALAQ R -0575) was applied nearby where a silica surface was heated with CO 2 laser beam ( Figure 7A) . A uniform thin film was smeared and dried on the working surface before the heating began. When a steady T is reached a boundary on the film forms and stops advancing, corresponding FIG. 7. (A) Image of a calibrated thermal lacquer rated at 575K after undergoing a first order phase transition at temperatures above its glass transition temperature (T g ). The surface was heated by a nearby exposure with a CO 2 laser (a = 350 μm) producing a melted and evaporated pit with dark re-condensed silica material. The pristine surface appears yellow in the image, and the unaffected thermal lacquer at T < T g remains dark to the right of the image. (B) The isotherm from the lacquer melt boundary was compared to the temperature profile derived from the IR imaging system in Figure 1 .
to a sharp liquid-melt crystallization transition. The melted coating does not revert to its original dull-opaque appearance but remains glossy-transparent which makes subsequent delineation of the T isotherm simple. This method is illustrated in Figure 7A with a 575 K rated lacquer used to find the location of the T = 575 K isotherm, which was then compared with the IR camerabased T profile in Figure 7B . The lacquer did not appear to interfere with the IR measurement, and was far enough from the heated spot that light incident from the Gaussian beam was negligible.
THERMAL MODELING AND PROPERTIES

Applicable Thermal Models
In laser-heated materials some of the energy absorbed is redistributed into photons to which the material can be transparent. For opaque materials radiative transport is limited by the small photon mean-free path relative to the size of the heated region and can thus be ignored. In bulk-heated semitransparent materials emitted photons can transport energy over larger distances relative to molecular diffusion scales (phonons). 43 In this semitransparent regime radiation transport usually needs to be accounted for to describe the material T evolution. 44, 45 However, focused laser heating at a wavelength where the material is highly absorbent represents a special case where, although the heated region can be orders of magnitude smaller than the mean free path of the emitted radiation (refer to Figures 3A  and B ), radiation transport still remains limited because the established spatial T gradients are so large that phonon conductivity dominates heat transport. Thus, to a good approximation, radiative transport can generally be neglected when modeling focused laser heating. For fused silica, this approximation typically yields T estimates accurate to within 2% and holds even at high temperatures approaching 3000 K. As a result, thermal modeling of laser-heated material are simpler than in cases involving heating or cooling of bulk materials that require inclusion of both conduction and radiation heat transfer. 44 When computational costs are tolerable and greater T accuracy is required, addition of radiation transport will be necessary and the reader is referred to an extensive treatments of radiation heat transfer by Howell et al. 46 and by Viskanta et al., 47 as well as examples of 2D numerical simulations of multiband radiation transport in laser-heated fused silica. 21, 48 While the internal radiative energy transfer can be omitted in most cases involving laser heating, emitted surface radiation, and convective cooling mechanisms can still affect T significantly, but these are easily included in a thermal model as boundary flux conditions in their empirical form (e.g., natural convection and blackbody radiation, respectively).
For many laser-induced processes, modeling of the material transformation requires the heating conditions as input. The thermal model starts with the nonlinear heat flow equation below (Eq. (3)), where the first term is an enthalpy term to which contributions from phase transformations or chemical reactions can be added, 49 and where the second term represents heat conduction. Using laser beam coupling with an isotropic homogenous material, the following equation can be solved to obtain the T distribution T(r, z, t) at the surface and within the bulk:
for conditions where Fourier heat conduction applies. 50, 51 In Eq.
(3) Q is the volumetric heating term from the laser input, ρ is the fused silica density, C p is the specific heat, and k is the thermal conductivity. For a Gaussian beam, with absorption depth, δ, along the z direction and 1/e beam radius, a, the heat source is given by:
while the absorbed laser intensity is given by
where R is the surface reflectivity (R = 0.15 for fused silica 52, 53 ) and P is the average laser power. The laser-coupling efficiency expressed in δ and R, and the energy transfer processes will depend on pulse width and repetition frequency, based on specific absorption mechanisms that are strongly dependent on the laser temporal modes (continuous wave (CW) vs. ultrashort pulse exposures for example). Therefore, the thermal model applied should reflect the physics for the particular laser heating time regime. 11, 54 Below we address the better understood continuous wave laser heating model as an example, where near steady state heating prevails (after ≈ 1 s exposure) and the absorbed laser intensity is nearly balanced by all the heat-dissipating processes. Although a steady state T field can develop from an irradiated material volume, the material is not at equilibrium since it experiences locally high temperature gradients. Thus, if strong nonlinearities are induced, the full heat transport Eq.
(3) must be solved numerically (e.g., continuum simulations) taking into account T dependent material properties (including δ(λ L , T), and applying boundary conditions for radiative heat loss and surface heat loss through convection. In contrast, for dynamic and near-equilibrium techniques based on small temperature perturbations ( T ∼ 10K) such as flash, hot wire, and hot-ball heating 16 the thermophysical properties remain constant to a good approximation. Repeated over a range of T these techniques determine the T dependence of the material thermophysical properties using the linear form of Eq. (3). 55, 56 In the high T experiments described here, focused CW laser heating generates much larger thermal loads (i.e., W vs mW) and larger variations in T. Two approaches to model the problem can then be applied. Either the thermal properties are treated as T-independent representing some bulk-averaged properties over a range of T, in which case a linear approximation can be used, or the nonlinear form of Eq. (3) must be used to solve the nonlinear problem as noted earlier. This nonlinear approach, however, is often computationally intensive and does not readily yield physical insights into laser energy deposition and transport processes. An alternate approach is to neglect radiative and surface heat loss and to assume that the thermal properties are constant over the T range of interest. We will address the validity of these assumptions later to extract meaningful comparisons with T data obtained by IR imaging. Thus, using this linear diffusive approximation, the axisymmetric heat equation can be solved numerically using the Green's function method 57 to express T as a closed form integral equation. 17, 18, [58] [59] [60] However, in the limit that surface absorption is large (i.e., a/δ→ ∞), most of the heat is absorbed at the surface and it can be shown that (1) the magnitude of the δ becomes irrelevant and (2) that the steady state axial T reduces to
and for the axial peak surface T becomes
Equations (6) and (7) based on a published k ≈ 2 Wm −1 K −162 and Eq. (7) is shown as a dashed line. These lines accurately represent the data up to the evaporation point, and the apparent linearity is consistent with the form of Eqs. (6) and (7) . Furthermore, the assumptions that radiation transport and heat convection are not important cooling processes for this type of laser heating appears reasonable given the accuracy of the predictions in Figure 8 , which do not account for these heat dissipative mechanisms. A separate simulation study of the non-linear heat equation with radiation transport for laser-heated surfaces confirms that radiation represents <5% of the total heat transfer (λ L = 10.6 μm, a = 350 μm, t exp = 5 s), and only affects the T by a few K inside the bulk. 21 For T above the boiling point, significant cooling occurs by evaporation relative to the laser heating and heat conduction fluxes. This effect is apparent in the sub-linear T dependence in Figure 8 , although some of that effect may be due to changes in the surface emissivity and reflectivity during phase transformation. 63 Thus, for the 10.6 μm laser heating case, we find that heat transport is dominated by conduction for T < 2800 K and is significantly altered at evaporation T above 2800 K. Other heat dissipation mechanisms such as radiation and convection cooling can in general be neglected in modeling the heating of the surface at these T. To extend the range of the thermal modeling, the evaporative cooling could in principle be included in Eq. (3) as a surface boundary condition, 64 especially if the evaporation kinetics are measured, as was done recently for laser-heated silica. 31 In contrast with the 10.6 μm laser, 4.6 μm laser heating in studies of deep annealing 17 produced a nonlinear dependence on P well below the evaporation point, and the data did not fall on a single curve ( Figure 8 ). Since k is constant for silica over that range of T, as established above, and the T remained below evaporation, there must be another source for the apparent non-linearity. We find a possible cause for the nonlinear heating at 4.6 μm as arising from differences in the optical constants of silica, specifically, in the laser absorption at 4.6 μm compared to 10.6 μm. At λ L = 4.6 μm δ ≈10 3 μm compared to the much smaller absorption depth δ ≈10 μm at λ L = 10.6 μm ( Figure 3B ). Under these conditions the volumetric heating in Eq. (3) cannot be approximated by surface absorption and the solutions Eq. (6) and (7) do not apply. In this semitransparent absorption regime, a and δ become comparable even if the decrease in δ with T is included ( Figure 3C ). For the 10.6 μm laser such reduction in δ had a negligible effect on the nature of the surface absorption since absorption is already very shallow relative to the beam size at all T. Therefore, the T dependent nonlinear form of Eq. (3) must now be solved numerically based on δ(4.6 μm, T) and a fixed k, as detailed previously. 17 The results are shown as solid curves in Figure 8 , which describes the T data well for 4.6 μm laser irradiation.
On the other hand, for materials with a T dependent k(T) and constant δ (or large a/δ), a steady-state solution in closed form 60 does exist avoiding the need for numerical simulations. The resulting form of the T solution can then be conveniently used to derive k(T) experimentally from the IR-based measurements of the peak surface T. This method was applied to laser-heated sapphire, lithium fluoride, spinel, and fused silica to derive k(T) up to the failure T of these materials (i.e., surface cracking and oxidation). The laser λ L was selected where those materials absorbed strongly for the reasons stated above. Therefore, the particular thermal model to be used for analysis of laser heating must include all significant heat transport mechanisms which, in turn, depend on the specific material thermal properties and the nature of the laser-matter coupling.
Derivation of Heat Transport Properties from IR-based Temperature Measurements
Once the laser-heating process is well understood and its limits determined, the applicable model can be used to derive the thermophysical properties of the material tested. Using the time-dependent T(r,z,t) from Green's function solution to Eq. (3) described elsewhere, 18 time-resolved T data ( Figure 9A ) from IR imaging allowed determination of fused silica thermal diffusivity, D ( Figure 9B ). Over the T range addressed, the D appears constant ≈8 × 10 −7 m 2 /s unlike what is typically reported for silica D (solid and dashed curves in Figure 9B ). The reason for this discrepancy is as follows. As noted earlier in Section 3.1, with focused laser heating, the spatial T gradients are much larger than those found in measurements from conventional bulk methods. The consequence is that the steep laser T gradients drive up the thermal conduction contribution making conduction the dominant heat transport mechanisms, while making contribution from other heat transport mechanisms negligible. Hence, a simpler and more accurate heat conduction model can be applied to extract the intrinsic (phonon) D from a fit of the laser T data 58 unlike the non laser-heating cases. With measurement methods where shallower T gradients exist (surface resistive heating across a sample of finite thickness for e.g.), other heat transport mechanisms such as radiation transport or heat convection can significantly affect, or dominate, the experimental T. Unless these added mechanisms are properly accounted for in the thermal model-and radiation transport is difficult to model-then artificial T dependencies can arise. This situation is apparent in Figure 9B where an increase in D with T usually appears to scale as a power law ∝ T n , mostly from radiation transport contribution. Such artifacts have been noted before in the measurement of the thermal conductivity for, e.g., [65] [66] [67] but do not represent intrinsic thermal properties of the material, and are likely to be occurring for the reported measurements of D shown in Figure 9B . In this regard, the method of using a laser beam for heating surfaces and determining thermal conductivity from T measurements tends to provide more accurate results than typical measurements because they are far less affected by radiation transport.
In bulk-heated samples, special care must be taken to account for radiative transport even at lower temperatures, which implies that the details of the material absorption spectra and op-tical properties must also be known to derive an intrinsic k from T measurements. In Eq. (3) an additional term, ∇F λ , is added to include the spectral radiative flux component, F λ , to the heat flow equation. The expression for F λ is complex and beyond the scope of this review but is available elsewhere. 68 Using this analytical approach, Mann et al. were able to extract "true" intrinsic thermal conductivities from dynamic T data using thermocouples fused into uniformly heated test plates to T<1000 C. 45 The analysis of the plate cooling following transfer to ambient was simplified by using an experimental configuration where a 1D energy equation could be applied to extract k numerically. 47, 68 The analysis included radiative transport approximated into two spectral bands and conduction. The T dependence of the absorption coefficients that determines the radiation transport contribution was not included in the model by assuming a less than 30% reduction in absorption with T. Similarly, the glass optical properties were assumed constant over the range of temperatures considered. Nevertheless, with the inclusion of the radiation correction, the extracted k were shown to have none of the artifactual T dependencies present in the cited reports and in Figure 9C . However, this example illustrates-counter intuitively-the added complexity introduced by interpretation of T data from bulk-heated samples to extract thermal properties. Experiments using focused laser heating of samples larger than the heated zone mostly eliminate these complexities and related uncertainties, simply because radiation transport does not play a significant role under these conditions. From a practical standpoint this also implies that much smaller samples or sampling areas can be used, and tested at higher T than otherwise possible. Determination of the k for fused silica is also possible using a simple steady state solution (Eq. (7)) combined with T measurements such as those at the end of the laser exposures in Figure 9A . Again, the k ≈ 2 Wm −1 K −1 appears constant, until it increases abruptly when evaporation starts to cool the surface. The reasons for this apparent increase in k are found from examination of Eq. (7) used to model the T with its ∼ 1/k dependence. Any drop in the dependence of the T on laser power, as is the case for the high T sub-linear evaporative region in Figure 8 , would make the apparent thermal conductivity increases with T since it would appear that the surface is being cooled faster. Thus, evaporation needs to be included in the model to extract the intrinsic k at these T (evaporation is not included in analysis of data in Figure 9 ). Note, however, in Figure 9C that radiation transport does not appear to affect the k extracted from the thermal model (Eq. 3), even at T approaching ∼3000 K. In contrast, non laser-based bulk heating experiments, without radiation correction, produce the typical increase in apparent k with T (solid curve). 67 The dotted curve in Figure 9C represents the expected k calculated from the classical value for phonon conduction as given by k = 1/3 ρC P (T)νl, where ν = 4200 m/s is the mean phonon velocity, l = 0.56 nm is the phonon mean free path, and C P is the T dependent heat capacity from Smyth et al. 62 Both the laser-based data and calculated phonon k are in agreement indicating that the laser-based measurements are indeed not influenced by radiation transport, at least up to T where evaporation starts to take over. Finally, once D and k are known, the specific heat of the material can also be determined from the relation C p = k/ρD ( Fig. 9(D) ). We conclude this sec-tion by noting that for the type of analysis described so far, only the peak axial T were needed making the approach particularly simple to implement in spite of the seemingly complex T field generated by focused laser beams.
IR IMAGING OF LASER-HEATED SURFACES FOR THE FUNDAMENTAL STUDY OF THERMOPHYSICAL MATERIAL PROPERTIES
Structural Relaxation in Glass
Manifestations of glassy material relaxation resulting from laser heating occurs to the extent that the material T is high enough that the relaxation time, τ R (T), becomes comparable to the heating times resulting from laser irradiation. For glasses heated above their glass transition point, T g , the heating produces glass-liquid transition that is reversed upon cooling to room T. For fast cooling to room T, as is often the case in laser surface heating, the molecular structure "frozen-in" reflects a fictive T (T f ) of the glass at an equilibrium T well above T g . This higher temperature glass structure will possess fundamentally different material properties, which can affect both bulk and surface characteristics (e.g., thermal expansion and etch rate). The gross impact of those structure modifications includes densification or volume shrinkage, a well know phenomena observed in fused silica. 69 In 10.6 μm laser-heated silica surfaces densification can cause pits ≈0.1 μm deep and residual stresses up to 10's of MPa from structure relaxation. [70] [71] [72] [73] An additional contribution to the stress field arises from the viscoelastic behavior, or stress relaxation, during quenching of the material (frustrated stress relaxation) which can become problematic in applications where a damage resistant flat surface is required. 74 Using infrared imaging, thermo-mechanical modeling, and ex situ Raman spectroscopy, the microstructural features of the laser-induced densification of fused silica were determined for a range of T up to 2100 K, along with the resulting residual stress. 75, 76 In these studies, the IR-derived surface T measurements were used to validate the solution to a nonlinear heating model with T dependent k(T) and δ(T), which could then be used to simulate the effects of the dynamics of structural relaxation. For a calculated temperature history based on Eq. (3), T f is derived through a volume relaxation function M V , such that
where M V for most glasses is usually described as a stretched exponential, M V = exp-(t/τ R ) β . 76 This expression for M V is sometimes referred to as the Kohlrausch-Williams-Watt function and is used to described non-exponential relaxation behavior in various nonlinear systems. For example, non Debye relaxation of dielectric media (in the frequency domain) can be related to a similar form of time domain relaxation. However, for the case of pure silica, M V has been shown to be well described by a single exponential with either an Arrhenius form for the relaxation time, 77 78 In these expressions for τ R , τ 0 is a reference relaxation time, H R is the activation enthalpy-typically close to that of the viscosity-and x is the partition constant which takes into account the glass history. Calculations of bulk T f changes could then be compared with T f based on spectral changes in the confocal Raman profile measurements, allowing determination of these relaxation parameters. Figure 10A below shows results of laser-induced material relaxations in fused silica for which T were measured by IR imaging. It includes the pit shaping from densification, melt flow and rim formation, and evaporation, with a transitional shape from the combined material compaction (∼1-2%) and evaporative material removal apparent for the 2.25 W heating case ( Figure 10B) . The resulting residual stress from the densification and viscoelastically strained material that was unable to relax is apparent in the laser power-dependent birefringence measurements shown in Figure 10C . A numerical simulation using experimental T profiles as constraints can be used to relate the measured birefringence to the principal shear stress distribution in Figure 10D . 72, 74, 76 Finally, the heat-affected zone where structural relaxation has occurred can be directly observed from T f mapping derived from confocal Raman microscopy ( Figure 10E ) and compared to finite element model simulations using the local measured T history and a structural relaxation model 75 ( Figure 10F ). Taken together, these results provide insights into the glass relaxation dynamics that drive the material thermo-mechanical responses important for the robustness and optical performance of lasertreated materials. Another important research area for laser annealing which also used IR-based T measurements, is that of defect annealing in micrometer thick SiO 2 CVD films 79 and in UV damage sites on silica optics. 80, 81 In these studies the kinetics of laserbased thermal healing of oxygen deficient centers, along with changes in defect density were determined by photoluminescence (PL) spectroscopy as a function of T and heating time. Infrared thermal imaging was applied to a moving sample during laser irradiation to characterize the T distribution and anneal conditions from CW laser irradiation ( Figure 11A ). The stage translation produced anneals tracks ( Figure 11B ) across which the spatial distribution of defect density was determined by PL measurements (Figure 11C ), which could then be registered to the T field for analysis of the defects relaxation parameters and damage threshold analysis ( Figure 11B ). The optical damage threshold 82, 83 was found to be closely related to the T driven reduction in the defects attributed to non bridging oxygen hole centers. 80 Thus, a variety of structural relaxation phenomena ( Figure 10 ) can easily be addressed in the high T regime of fused silica 84 and in other materials 85 by the combined laser-heating-IR imaging approach. Other material properties altered by laser-induced relaxation such as junction implant annealing, 86 refractive index, 87 and chemical reactivity can be exploited in the fabrication of semiconductors, waveguides, 88 and microfluidics 89 respectively; and could also conceivably be probed more directly using thermal imaging to more accurately assess the controlling T driving force. 
Hydrodynamics of Laser-Induced Flow
Stress relaxation by way of melt flow in laser-heated surfaces is a particularly important problem to understand in laser processing technology as it determines final surface shape and finish quality. The physical processes responsible for driving the flow of the melt under laser irradiation are generally related to the strong T gradient inherent to focused beam heating. With a radial T gradient established, both thermocapillary forces from the T dependence of the surface tension and the vaporizationinduced recoil pressure can drive the displacement and even ejection of the melt 90, 91 below the phase explosion regime. 92 In a recent study, IR thermal imaging was applied to probe the flow dynamics of micron-sized grating features under CW laser irradiation, where the height of the grating was reduced as the material flows by capillarity ( Figure 12 ). Under these conditions, the thermal input model could be decoupled from the viscous flow simulations that were used to extract the effective viscosity, μ(T), of the material based on measurement and analysis of the relaxation kinetics. 93 One interesting result, the hydroxyl (OH) content of the type III glass (1000 ppm OH) was simultaneously being reduced during heating by a thermal de-wetting process, which effectively increased the viscosity of the OH depleted silica 94 producing slower than expected flattening of the grating features. This local dewetting was further confirmed by confocal Raman spectroscopy measurements in the same study.
Likewise, rim formation dynamics in laser-heated silica were recently studied as a function of laser pulse length and T, as determined by IR thermal imaging. 71, 95 The thermocapillary driven flow 96, 97 forms the indicated rim structures ( Figure 10B ) well below the point where laser intensities can produce vapor-recoil driven flow (>0.5 MW/cm 2 ). 91 The magnitude of the surface rippling scaled in a complicated manner with pulse length and the type of gas atmosphere used. 71 Chemicapillary flow can be generated by a compositional gradient, such as silanol termination at the surface, from T activated surface reactions, 97 although such mechanisms have yet to be demonstrated in a solid-gas phase reaction environment for the case of laser-induced surface smoothing. 98 In general, laser-induced surface smoothing has been studied with fast radiometric measurements (albeit without spatial resolution) applied to the modeling and interpretation of these processes. 22, 84, 99, 100 However, most studies still rely on 1D modeling T estimations or simply relate measurements to laser parameters 101, 102 in spite of the critical importance of T in driving material flow and the difficulty in predicting T under dynamic conditions. 91 While laser-induced material flow can produce undesirable surface rim structures, in the bulk, capillarity can have the desirable effect of healing cracks 103 that tend to increase the optical breakdown threshold of a surface. 104 Using IR thermal imaging and laser heating, an experimental comparison of crack laser healing with 4.6 μm and a 10.6 μm laser irradiation demonstrated that a 4.6 μm laser could more effectively heal UV damage tracks inside the bulk (Figure 13 ). As seen in the image sequence, the cracked regions progressively filled by inflowing glass leaving behind bubbles that initially grew as they coalesce but eventually disappeared when the cavities filled. Both surface T IR measurements and fictive T measurements were used to pin the role of the absorption depth in determining the extent of the effective heat affected zone during laser-driven crack healing. For λ L = 10.6 μm, absorption occurs mostly at the surface ( Figure 3B ) thus heat can only flow deep to the cracks by increasing the peak surface T and thermal diffusion, but also causing unwanted surface rippling and stress from the excess heat deposited. In contrast, with irradiation at λ L = 4.6 μm, silica is more transparent and the volumetric heat generation occurs deeper in the bulk lowering peak treatment T relative to the 10.6 μm case. The IR thermal imaging approach described here allowed an unambiguous direct comparison of laser performance, particularly in cases where small differences in T produce large effects as is the case for viscous flow 105 (Figure 12 ).
Solid-Gas Phase Chemistry in Laser-Heated Materials
Laser-Based Vaporization
Above the annealing and melting T effects described above, materials start to vaporize as they get closer to their boiling point.
Evaporation of the melt is an important part of the laser ablation process, which involves breaking bonds to produce volatile gas molecules by thermal decomposition, or by reaction with a reactive gas. The opposite process of condensation into a liquid phase can also take place to produce a net evaporation rate forming a pit, excluding any contribution from melt expulsion, explosive boiling, and laser damage during ultra short laser exposure. 92, 106, 107 For fused silica, a particularly tough material, the boiling point is reach for a T ≈ 3000 K. 61 To study the evaporation chemistry at such high T under near steady laser heating, IR thermal imaging was applied to a CO 2 laser-heated silica surface exposed to neutral, reducing, and oxidizing gas flow conditions to determine the rate controlling processes; specifically, the reaction thermodynamics and mass transport. 31 The final pit volume was measured post laser treatment ( Figure 10B ) to derive an evaporative reaction rate, R(T) (μg/μm 2 /s), that could be related to the surface T measurement in a given gas atmosphere, or to the laser parameters through the calculated T (Eqs. (3)-(5)). The argument was presented that the experimental evaporation rate can be estimated as R evap (r = 0, z = 0, T) ≈ ρd/t exp , where d is the axial pit depth, corresponding to the peak axial T(r = 0, z = 0). Thus, for the purposes of analysis, only  FIG. 13. (A)-(F) Laser-induced deep crack healing optical image sequence captured during λ L = 4.6 μm laser exposure of fused silica for a total of 300 s (CW, 0.8 mm 1/e 2 beam diameter, P ramp = 3-6W). Temperatures during treatment were kept below 2000 K as measured by surface IR thermal imaging to minimize surface rippling and evaporation. The cracked region was initially about 250 μm deep produced by UV laser irradiation above damage threshold fluence. Under similar laser healing conditions with a λ L = 10.6 μm instead, the cracked region only healed down to about 50 μm inside the bulk (not shown) due to the limited laser energy absorption at that wavelength, which increased surface T without affecting the bulk as much as in the 4.6 μm case. 17 the peak T needed to be known and complexities related to the non-uniform heating ignored.
To model the rate it can be shown that R evap (T) scales linearly with the equilibrium evaporation product concentration of silica in a particular gas (g i ), 108 [SiO] g i eq , as R evap (T ) = h m [SiO] g i eq . Essentially, [SiO] g i eq represents the magnitude of the concentration gradient driving force across a boundary layer that is related to an evaporative flux through the kinetic mass transfer coefficient, h m , which itself can depend on the gas properties and T. However, the significance of this result is that by taking the ratio of R evap (T) in different gas atmospheres the transport problem can be decoupled from the thermodynamics of the reaction by the simple relation, R evap (T, pure nitrogen)/R evap (T, air) ≈[SiO] N 2 eq /[SiO] air eq since N 2 is the dominant buffer gas in both gas atmospheres with nearly the same h m . In principle, any other gas reactant, such as H 2 in that study, can also be used to address the thermodynamics of specific evaporative re-FIG. 14. Experimental evaporation rates of CO 2 laser-heated fused silica in pure nitrogen (100% N 2 ) and in 5% H 2 /N 2 atmospheres for the T measured using IR thermal imaging. 31 The beam was ≈ 1 mm in diameter (1/e 2 ) with 5 s exposures. The data fitting (solid curves) was used with a reaction mechanism model to extract the reaction free energy of the silica decomposition and reduction with H 2 reactions. Results of the fitting for T = 3000 K are shown in the table.
actions (Figure 14) . Thus, using this approach, the free energy of the decomposition and reduction of fused silica reactions were experimentally evaluated up to ≈3000 K by fitting the data in Figure 14 . The results compared reasonably well with extrapolation from literature thermodynamical databases in the T regime where conditions for near-equilibrium are better approximated, i.e., for high evaporation rates and relatively slow mass transport. There is at least one other recent report of a high T IR thermal imaging study applied to laser evaporation in ambient air, 95 albeit without the more detailed interpretation or fitting of the results given here, or described elsewhere for multiphase transitions. 49 To determine the feasibility of using laser-based particle surface removal, the silica evaporation kinetics above were applied to a particle laser-heating model of micron-sized silica particles. 109 A Mie scattering absorption energy source term (Q) was used in the thermal model with a T dependent extinction coefficient, κ(T) = λ/4πδ(T) ( Figure 3C ). The spherical particles were deposited as a monolayer on a non absorbing Germanium substrate and exposed to CO 2 laser irradiation at λ L = 10.6 μm for 5 s. The resulting spatial and temporal particle T field from IR thermal imaging was used to assign a T history to individual particles. These experimental T results were then compared to predictions of the particles T from the modified heating model 109 ( Figure 15A ) with reasonable agreement considering that the evaporation kinetics used in the particle model were derived from measurements on bulk silica. Furthermore, comparison of laser heating of a monolayer of particles ( Figure 15A ) with laser heating of a bulk silica surface ( Figure 15B) illustrates the remarkable differences in both the time-dependent T evaluation and the relatively large fluences needed to heat silica particles cooled by contact to a substrate. While for bulk laser heating the T gradually increases according to the thermal diffusion, laser-heated particles on the other hand start to shrink as they are heated above their evaporation T. This produces a fast initial rise of T before shrinking has time to occur, followed by a reduction in the Mie energy absorption when the particle radius gets smaller thus producing the observed sudden reduction in T. These insights and measurements illustrate the practical nature of the combined laser-IR thermal imaging approach, which would have been very difficult to obtain by most other methods considering the length scales and high T of the problem. In general, however, most laser-vaporization studies lack direct T data 64, 110, 111 and must rely on indirect measurements based on observable thermal effects to validate calculated T. 92 
Laser-Based Fabrication
In the previous section we discussed the removal of material from laser-based evaporative heating, in the following section we discuss the reverse process of adding material using laser-based deposition. There are a variety of laser-driven processes that can deposit material on a substrate, including laser chemical vapor deposition (LCVD) 112, 113 and pulsed laser deposition (PLD). The latter process amounts to a transfer of material from a target to a substrate via a plume or gas mixture containing the material to be deposited. 114 Pyrolitic LCVD on the other hand relies on the thermal decomposition of a vapor phase precursor which can then polymerize on a substrate. Because the process is thermally driven, surface T measurements are important to understand the thermochemical and thermophysical mechanisms involved and, also, to control deposition parameters. Most T used for deposition do not exceed ≈ 1500 K to avoid substrate deterioration and homogenous nucleation of the precursors into a powder contaminant. 115 However, to probe the very small dimensions of a focused beam LCVD reaction site, IR thermal imaging remains uniquely suited for the task of characterizing the T field during the laser deposition. Yet, very few studies have used IR thermal imaging for this purpose in laser-based application, 116, 117 whereas T measurements are routine for bulk chamber-based CVD. In one such study of gold LCVD on a gold substrate 116 T measurements were made in the configuration shown in Figure 16 , which uses a modulated signal, lock-in amplifier, a LN cooled InSb camera (2-5 μm) for IR emission radiometry, a Ar-ion laser for heating the surface, and a flow system to supply the organometallic volatile gold precursor. The emissivity in the useful band of the camera was determined by calibration with a heated stage and a thermocouple to measure FIG. 16 . An experimental setup for the combined IR thermal imaging and Laser CVD system from Dupuy and Hurst. 116 the uniform sample T. As a result of the in situ T measurements, an initial rise in T was uncovered that could be attributed to the exothermic decomposition reaction of the precursor, followed by a drop in T due to onset of mass transport limitations for the pressures used. In addition, growth conditions were optimized by modulating the laser input to produce smoother, crack-free deposits, while IR emissivity measurements during laser annealing allowed tracking progress in surface quality. In this example, the exothermic reaction would likely have been omitted from the thermal models typically used to infer T from laser parameters, 118, 119 making macroscopic observation of the deposition characteristic difficult to interpret. Thus, in general, IR thermal imaging of laser-based processes where chemical reactions occur is particularly useful and almost required for systematic analysis and control.
CONCLUSIONS
This article focused on the implementation and application of IR thermal imaging to laser-heated surfaces as a means to effectively derive thermophysical properties under extreme temperatures. A combined pump (laser heating)-probe (IR imaging) approach is particularly well suited for these type of applications as discussed in this review. Paradoxically, analysis of laser-based T to extract T-dependent materials properties maybe easier, and more reliable, than for bulk heating experiments especially at elevated T. The seemingly more complex geometry and 2D T gradients involved in focused laser heating are offset by the fact that, under these conditions, molecular thermal diffusion usually becomes the dominant heat transport mechanism. The advantage of laser heating is, at least in part, in not having to deal with bulk radiation transport, a computationally expensive proposition, requiring knowledge of additional T-dependent material parameters. In general, we observe in the literature that temperature measurements are lacking in laser heating applications where they would be necessary for proper interpretation of the macroscopic manifestation of laser-induced effects. Instead, model-based T are used to characterize the driving force based on laser parameters and extrapolated material properties. However, for all but the simplest cases, the thermal model itself needs to be validated because of the complexity involved with defining all the relevant heat transfer mechanisms that occur during intense laser irradiation. The likely reason for missing IR derived T is the apparent difficulty in implementing radiometric measurements that are meaningful and well calibrated. We discussed here one specific IR thermal imaging implementation in laser heating system that can probe a broad range of fundamental thermal properties, but requires careful examination of the relevant thermal model. Such examination almost certainly means understanding laser-matter coupling processes and the emissive properties of the surface for accurate assessments to be made. The difficulty in determining emissivity under dynamic conditions along with the availability of practical calibration sources above ≈ 2000 K remain the limiting factor in applying more broadly the approach described, even when it's necessary. The benefits, however, in getting beyond current experimental T limitations are clear from the result of studies which operate with an experimental model system at the intersection of laser heating and IR thermal imaging.
